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ABSTRACT
Decoherence in quantum cosmology is shown to occur naturally in the presence of
induced geometric gauge interactions associated with particle production. A new “gauge”-
variant form of the semiclassical Einstein equations is also presented which makes the
non-gravitating character of the vacuum polarization energy explicit.
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Understanding the precise physical basis of a semiclassical regime of an interacting
quantum system is of great current interest [1]. A particular aim of the recent studies
is to find a mechanism [2,3] which should yield an almost classical observable from a
given (nonclassical) dynamical system. These have a special relevance also in quantum
cosmology (QC). Recently, there has been some attempts [4-11] in studying the origin and
validity of the semiclassical Einstein equations (SCEE) in the framework of the quantum
general relativity theory. The problem of realizing a classical observable universe from
a possible quantum regime is also being addressed [5-7, 12] in the framework of the so
called “decoherence process” in the quantum measurement theory [2,3].
In Ref. [8-10] the problem of obtaining a correct set of back reacted SCEE is discussed
in terms of the induced geometric gauge interactions. Apart from yielding clarifications
to some longstanding ambiguities [13] in the semiclassical gravity, the study seems to offer
new physical characterizations of the gravitational effects of the quantized matter fields.
It is well-known that geometric gauge interactions are induced spontaneously on a
heavy dynamical system when it is acted upon by a light quantum system. In the lan-
guage of the measurement theory, the light system may be considered as an environment.
The natural framework of studying such an interaction is the Born–Oppenheimer (BO)
approximation modified by the induced gauge fields [14]. The influence of the light system
on the heavy one is succintly encoded in the form of the induced gauge fields, besides the
usual BO potential term [15], once the light system is decoupled from the total system.
The effects of these induced gauge fields are known to yield interesting physically testable
predictions, e.g., the shift in energy spectra of the heavy system [14].
In semiclassical cosmology, the effects of the induced gauge fields seem to have deeper
implications. One of the most important difference between the ordinary quantum me-
chanics and the QC is that in QC the universe is a closed system without a given a priori
time. It is argued that the concept of time in cosmology may be an approximate one,
retrieved possibly at a semiclassical regime. In such a case one should be able to separate
from among the total infinite number of degrees of freedom, a smaller number of heavy
degrees of freedom which behave quasiclassically in the environment of the remaining
lighter degrees of freedom (matter + graviton). Although this separation seems to be
realizable in the context of a minisuperspace, the physical implications of the same turn
out [10] to be nontrivial.
The definition of the semiclassical time is found to be intimately related to the induced
gauge structure, which in turn restricts severely the character of the BO potential in the
effective Hamiltonian of the heavy degrees of freedom. In fact, it is shown [10] that the BO
potential in QC is determined by the induced (vector) gauge connections so that the entire
influence of the environment is encoded in the induced gauge fields. Physically, the envi-
ronment leaves an imprint on the massive gravitational degrees of freedom in the form of
an induced gauge bundle, which is nontrivial only if the gravitational minisuperspace has
a nontrivial geometric/topological structure. In a (Lorentzian) Robertson-Walker (RW)
minisuperspace e.g., the gauge bundle is trivial letting the associated gauge connection
and hence the BO potential (which is actually an energy expectation value/transition ma-
trix element) gauge equivalent to zero. An implication of this result is that the vacuum
energy in a RW universe must be non-gravitating. Although counter-intuitive, this seems
to offer a natural resolution of the problem why the cosmological constant in the present
universe is negligibly small.
We note that the non-gravitating nature of the vacuum energy is a consequence of the
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semiclassical definition of time as a parametric derivative [6-11] which in turn relates it
to the existence of a geometric phase [8-10]. When the phase is zero (the RW case), time
cannot be defined at this level, reducing the (global) vacuum polarization energy non-
gravitating [10]. An interesting way of understanding this effect is through the analogy of
the ordinary electromagnetism. The global vacuum energy carries an induced “magnetic”
charge which does not contribute in the first (gravitational) energy integral. An immediate
problem is then to suggest a new definition of time. This is however achieved by the next
lower order “electric” type back reaction of the particles created by the time varying
gravitational background. The particle production effect is associated with a nontrivial
Pancharatnam phase [9] which is pinned by an Euclidean time integral of the total decay
width of the unstable state. In Ref. [10] we obtain the electric type potential from the
particle production effect and its back reaction in SCEE. The physical time is then shown
to have its origin from this Euclidean time by an analytic continuation. Below we give
further justification of this construction by expressing the SCEE in a suitably defined
new “gauge”. However, one still needs to clarify in more detail the exact meaning of the
“initial” Euclidean time. A pertinent question is: what was, if any, before the Euclidean
era?
Further as stated already the origin of time needs the existence of a nontrivial geomet-
ric phase which in turn needs to single out a unicomponent complex WKB state in the
gravitational sector [10,11]. One should therefore also clarify the relevance of the Berry
geometric phase in the context of decoherence, which we do here.
The relevance of decoherence and correlations in QC in connection with the back
reacted SCEE is being studied by Hu and collaborators [4-7] for sometime. Paz and Sinha
[6] in particular have shown that the SCEE can be derived by demanding decoherence
in different WKB branches in the universe wave function. The importance of achieving
correlations (in the sense of a gaussian peak in the Wigner function) between relevant
physical degrees of freedom in a single WKB branch is also emphasized in the context
of specific models. According to the decoherence paradigm [2] the “relevant” quantum
degrees of freedom are constantly being measured continuously by the environment degrees
of freedom through some nontrivial interaction. The environment degrees of freedom are
however not observable. These degrees of freedom should therefore be traced out in the
total density matrix of the system and environment. This leads to a reduced density
matrix of the system which includes the influence of the environment on the system.
The effects of environment on the system get encoded in the Feynmann-Vernon (FV)
influence functional [16] which brings out the nonlocal character of the same. As noted in
Ref. [6] the back reactions turns out to depend on the histories of the system variables.
The relevance of particle production in decoherence is also pointed out [5,6]. Recently,
the relation between this approach in QC and the quantum Brownian problem has been
stressed. Some interesting relationships between dissipation; noise and the cosmological
particle production have been proposed [7].
However, this approach still seems to be incomplete since the possibility of an induced
gauge interaction in the Feynman-Vernon functional has not been explored. Here, we
show that decoherence is actually controlled by the nontrivial geometric phase associated
with particle production. A loss of quantum coherence in QC is thus related to the
emergence of a semiclassical time. B Consider a minisuperspace model with N degrees
of freedom denoted by the coordinates qi (i = 1, . . . , N). The minisuperspace modes are
coupled to the environment degrees of freedom that are denoted here by a scalar field
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ϕ. The quantum mechanical description of this interacting system is governed by the
Wheeler-Dewitt (WD) equation:
HΨ ≡ (Hg +Hm)Ψ(q, ϕ) = 0 (1)
Here Ψ(q, ϕ) is the total wavefunction of the universe filled with matter ϕ. For definiteness,
we consider the gravitational Hamiltonian Hg in the form
Hg =
1
2M
GijPiPj +MV (q) (2)
Gij denotes the metric in the minisuperspace, Pi the momentum conjugate to the con-
figuration variables qi, V (q) the superpotential. The quantity M is proportional to the
square of the Planck mass. The Hamiltonian for the matter fields (environment) Hm(ϕ, q)
is kept arbitrary. Because of the large value of M compared to the ordinary matter mass
scales, one can use BO approximation to discuss the solutions of (1).
To apply the improved BO approximation to Eq.(1) we write
Ψ = ψ(q)χ(q, ϕ) (3)
and assume that the quasiclassical gravitation modes q are adiabatic [17]. Then inte-
grating the total Hamiltonian between an initial and a final matter states χi and χf
respectively, one gets the effective gravitational WD equation
Heffψ(q) ≡ [
1
2M
Gij(Pi − h¯Ai)(Pj − h¯Aj) +MV +
〈χf |Hm|χi〉
〈χf |χi〉
+
h¯
2M
ρ]ψ = 0 (4)
where the induced U(1) gauge connection Ai and the electric type potential ρ is given by
[10,15]
Ai = i
〈χi|∂iχi〉
〈χi|χi〉
, ∂i =
∂
∂qi
(5a)
ρ = h¯Gij
〈χf |(Pi − h¯Ai)(Pj − h¯Aj)|χi〉
〈χf |χi〉
(5b)
For details of the derivation of Eq. (4) we refer to Ref. [9].
Now a semiclassical regime is assumed to be one when the effective gravitational wave
function ψ(q) can be approximated by an oscillatory WKB state ψ ∼ exp( i
h¯
S(q)). In this
case the matter state χ(q, ϕ) corresponds to a curved space Schro¨dinger wave functional
ih¯
d
dt
|χ〉 = Hm|χ〉 (6)
where the semiclassical WKB time is defined by
d
dt
= Gij
∂S
∂qi
∂
∂qj
⇒
dqi
dt
= Gij
∂S
∂qj
= Gij
Pj
M
(7)
At a particular value of the superspace variable q, |χ〉 thus stands for a suitable Fock state
constructed using the formalism of the curved space quantum field theory. The choice of
a vacuum, e.g., cannot therefore be made unambiguously. However, under the assumed
adiabatic condition, one may be able to pick an adiabatic vacuum [18] which we do here.
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For a general case special symmetry (e.g., de Sitter or conformal) may need to be invoked.
The choice of an adiabatic vacuum is however sufficient for our purpose of showing the
relevance of geometric phase in decoherence.
The SCEE with back reactions now can be written as,
1
2M
Gij(Pi − h¯Ai)(Pj − h¯Aj) +MV +
〈χf |Hm|χi〉
〈χf |χi〉
+
h¯
2M
ρ = 0 (8)
where the classical effective momentum Pi is defined by [c.f. Eq. (7)]
Pi =M
∂S
∂qi
(9)
We note that the transition matrix element 〈Hm〉 = 〈χf |Hm|χi〉/〈χf |χi〉 (expectation
values in case |χf〉 ≡ |χi〉) carries a geometric “magnetic” charge:
〈Hm〉 = h¯Ai
dqi
dt
(10)
which follows from Eqs. (6) and (7). The last lower order term ρ in Eq. (8), how-
ever, corresponds to an “electric” potential [15] for a particle (in minisuperspace) with an
“electric” charge h¯/2M . This also gives the back reaction for the particles created on the
background geometry. The effect of renormalization on the vacuum transition element
〈Hm〉 has been discussed in Ref. [19]. The local geometrical part of the vacuum polariza-
tion contributes to the higher derivative corrections in the Einstein-Hilbert action and has
well defined gravitational effect. (For simplicity we fix the renormalized higher derivative
coupling constants to zero). However, for a flat simply connected minisuperspace (e.g.
the RW and most of the homogeneous models) the induced U(1) bundle is trivial. Thus
one can always make a gauge choice reducing the global renormalized vacuum polarization
component of 〈Hm〉 to zero.
However, the adiabatic variation of the background geometry is expected also to pro-
duce nonperturbative effects in the matter sector. This induces exponentially small imag-
inary part in the transition matrix element: Im〈Hm〉 = Γ, the total decay width of the
vacuum. This lack of adiabaticity can however be treated in the adiabatic perturbation
theory using the Euclidean time formalism [9]. The Euclidean integral
γP = h¯
−1
∫ f
i
Γdτ, τ = it (11)
gives the nontrivial geometric Pancharatnam phase between the initial and final vacua.
In fact, the potential h¯ρ/2M is an effect of this nonintegrable phase in the SCEE. The
SCEE derived from a simply-connected flat minisuperspace thus assumes the form [10]
1
2M
GijPiPj +MV +
h¯
2M
ρ = 0 (12)
A remark on the definition of time is in order here.
The vacuum energy E0 = Re〈Hm〉 being gauge equivalent to zero, a physical time t
cannot be immediately written down via Eq. (7). The WKB time should originally be
retrieved as an Euclidean parameter
d
dτ
= Gij
∂SE
∂qi
∂
∂qj
; (13)
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where the Euclidean action SE = iS. A simple way of recovering the physical time t is
now to make a “gauge” transformation
d
dτ˜
= eh¯
−1
∫
E0dτ
d
dτ
e−h
−1
∫
E0dτ (14)
and then introduce the rotation τ˜ = it˜. The Schrodinger Eq. (6) then assumes the form
ih¯
d
dt˜
|χ〉 = H˜m|χ〉, H˜m = Hm −E0 (15)
The time derivative entering in momentum Pi in Eq. (12) should also be taken with
respect to t˜ (this amounts to a gauge transformation eluded already). Eqs. (13)-(15) and
(12) now constitute the final form of the SCEE and the matter Schrodinger equation.
The virtue of this “gauge”-transformed representation is that it makes manifest the non-
gravitating nature of the vacuum energy. (We omit tilde henceforth). The transformation
(14) seems to eat up the apparent non-zero vacuum polarization energy in Eq.(6).
We note that the solution ψ(q) of the effective WD equation (4) represents a class
of (N − 1)-parameter solutions ψn(q) [6]. The total wave function should therefore be
written as a general superposition of the form
Ψ(q, ϕ) = Σψn(q)χn(q, ϕ) (16)
The definition of time (7) and hence the matter Schrodinger state χn thus depends on
the specific choice of the WKB branch ψn ∼ exp(iSn/h¯). It is therefore desirable to
justify the choice of a single component WKB state ψn for a semiclassical description of
the Universe. This will be achieved by showing that decoherence occurs both between
different WKB branches and inside a single WKB component. In fact, the appearance
of a nontrivial geometric phase in connection with particle production along each WKB
branch seems to destroy the quantum coherence of the total quantum system.
As discussed by Kiefer [12] and Paz and Sinha [6] the problem of decoherence in QC
can also be addressed in terms of the FV influence functional [16]. This is defined by
introducing the reduced density matrix of the universe
ρr(q, q
′) =
∫
dϕΨ∗(q, ϕ)Ψ(q′, ϕ) (17)
when all the irrelevant environment degrees of freedom are integrated out. Using Eq.
(16), the reduced density matrix can be rewritten as:
ρr(q, q
′) =
∑
n.n′
ψ∗n(q)ψn′(q
′)Fnn′(q, q
′) (18)
where the FV influence functional is given by [12]
Fnn′(q, q
′) =
∫
dϕχ∗n(q, ϕ)χn′(q
′, ϕ) (19)
Note that the influence functional is in general a nonlocal functional of histories q(t) and
q′(t′) of the semiclassical universes as predicted by the WKB branches ψn(q) and ψn′(q
′)
respectively. For the same WKB branch n = n′, the different histories q and q′ correspond
to interference between a possible expanding and collapsing mode. For decoherence to
5
occur both the off-diagonal terms Fnn′(q, q) and Fnn(q, q
′) in the reduced density matrix
should be exponentially suppressed. The reduced density matrix ρr will then be a sum of
non-interfering WKB branches indicating the onset of a classical era.
The close similarity of the integral (19) and the close-time-path vacuum generating
functional has been noted by Calzetta and Hu [20] recently. The integral (19) in fact gives
the transition of an in-vacuum, prepared at a fictitious time t = −∞, along the history q
upto t = T and then return to the in-vacuum again at t = −∞ along q′. The matter field
histories φ and φ′ are supposed to match at time T : φ(T ) = φ′(T ). Let the common in
vacuum be |χ0〉. Then one has
Fnn′(q, q
′) = 〈χ0|χ
′
n〉q′〈χn|χ0〉q (20)
To choose an adiabatic in-vacuum we need to invoke a possible switching off mechanism
of the gravitational interaction at t → −∞ [6]. It is well known [6] that this introduces
restrictions on the class of admissible super potentials V (q). We note that relative to the
in-vacuum |χ0〉, the state |χn〉 will in general be a multiparticle state in the out region
T →∞. The amplitude 〈χ0|χn〉q then gives a measure of the total shift in the in-vacuum
due to the adiabatic evolution along the history q. To evaluate the amplitude we use the
adiabatic theorem [14]:
ℓn〈χ0|χn〉q = ℓn
(
1
|1 + iβn|
)
− iγn − i
h¯
2M
∫
ρndt (21)
where the lowest order phase correction γn corresponds to the geometric phase
γn = h¯
−1
∫
Endt+ h¯
−1
∫
Γndτ (22)
Here, the state |χn〉 is assumed to be normalized throughout the entire period of its
evolution. Further, En denotes the instantaneous adiabatic energy, Γn the decay width of
the state [9] and ρn an higher order correction to the geometric phase [14]. The exponential
decay of the state |χn〉 is determined by βn which is in general related to the decay width
Γn and the energies associated to the states |χ0〉 and |χn〉.
The final form of the influence functional can now be written as
Fnn′(q, q
′) = exp
[
i
{
h¯−1(
∫
Endt−
∫
En′dt
′) + h¯−1(
∫
Γndt−
∫
Γn′dt
′)
+
h¯
2M
(
∫
ρndt−
∫
ρn′dt
′)
}]
× exp[−(βn − βn′)
2] (23)
In view of the fact that βn ∝ Γn in the adiabatic approximation, one concludes that the
expected decoherence is obtained whenever there is a large difference in geometric phases
(associated with particle production) along the two histories. Further, the geometric
phases associated with distinct histories ought to be different. Otherwise the histories
will be homotopically equivalent, which follows from the topological invariance of the
geometric phase. This phase difference indicates varying rates of particle production along
different WKB histories, suppressing the off-diagonal terms. Stated in other words, the
loss of quantum coherence in WKB branches can be seen as due to the lack of coherence
in the induced geometric phases. This seems to be a new interpretation of the relationship
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between decoherence and cosmological particle production noted already by many authors
[5-7].
In the case of a RW universe, the energy integrals in Eq.(23) can be gauged away
[WKB time t(t′) in this case is identical to one in Eq. (15)]. The simplified influence
functional then has the form
Fnn′(q, q
′) = exp[i{h¯−1(
∫
Γndτ −
∫
Γn′dτ
′) +
h¯
2M
(
∫
ρndt−
∫
ρn′dt
′)]]
× exp(−(βn − βn′)
2) (24)
One notes the interesting functional relationship between the phase and the damping
factor of the influence functional. The explicit derivation of the cosmological fluctuation-
dissipation theorem [7] in the present context will be taken up separately.
Finally, as an application let us compute the influence functional damping factor in a
toy model. The model consists of a RW minisuperspace coupled to a conformal matter
field [5,6]. Since detailed calculations are available in literature we will be brief bringing
out the main features of the present approach.
The relevant WD equation has the form
[
1
2M
∂2
∂a2
+MV (a) +
1
2
∑
k
(−
∂2
∂ϕ2k
+ Ω2k(a)ϕ
2
n)]ψ = 0 (25)
Here, ϕk are the scalar field eigenmodes of the spatial Laplacian ∆ on the unit 3-sphere,
Ω2k = k
2 +m2a2, m the mass of the scalar field and a the RW scale factor. The matter
wave function χ(a, ϕ) turns out to be seperable
χ(a, ϕ) = Π
k
χk(a, ϕk) (26)
where each component χk satisfies the Schrodinger equation
ih¯
d
dt
χk = (−
1
2
∂2
∂φ2k
+ Ω2kϕ
2
k)χk (27)
and t is the WKB time defined by da
dt
= dS
da
. Let us assume a Gaussian ansatz for the wave
function χ (we omit the index k for simplicity)
χ(a, ϕ) = (
ε
π
)1/4eiα(a)−
1
2
σ(a)ϕ2 (28)
where v
σ = ε+ iΓ
2h¯α˙ = −ε and h¯σ˙ = −iσ2 + iΩ2k (29)
so that 〈χ|χ〉 = 1. The initial state |χ0〉 thus turns out to be the harmonic oscillator
ground state with energy ε0 =
1
2
Ω(0)h¯. It is now straightforward to calculate
〈χ0|χ〉 = e
−iΓ/4ε0
∣∣∣∣1 + i Γ2ε0
∣∣∣∣−1/2 (30)
where we use first order adiabatic correction in evaluating the wave function |χ〉 [6]. We
also absorb the phase contribution from the energy integral in the definition of time (c.f.
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Eq. (15)). Note, however, the geometric phase Γ/4ε0 associated to the decay of the state.
The influence functional then assumes the form (inserting the index k) v
F (a, a′) = exp[iΣ
1
4ε0k
(Γk − Γ
′
k)] exp[−Σ
1
8ε20k
(Γk − Γ
′
k)
2] (31)
This should be compared with the expression obtained by Paz and Sinha [6]. Although the
damping factor is identical, the influence phase is different. One reason for the difference
is the non-gravitating nature of the vacuum polarization energy.
To conclude, we have shown the close proximity of decoherence with the occurrence
of the nontrivial geometric phase in an interacting system. In the cosmological context
discussed here, decoherence of the WKB branches of the universe histories is realized
provided there is a large uncertainty in the induced phase differences, reflecting a vastly
different rates in particle production. However, our result is still not sufficiently general
because of the adiabatic switching off mechanism used here. It is desirable to remove this
restriction from the argument. Finally, we have also presented a new “induced gauge”
variant form of the SCEE, rendering the non-gravitating character of the global renor-
malized vacuum energy manifest. These results seem to have interesting implications in
quantum gravity and quantum measurement problems.
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